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ABSTRACT
The selective oxidation of p-cydodextrin at C-2 on one glucose residue was 
attem pted. The oxidation pathway involved forming the 2,3-manno  epoxide, 
opening the epoxide with phenyl selenide anion selectively at the 3-position, 
oxidizing to the phenyl selenoxide, and finally, elim inating to the enol, which 
tautom erizes to the desired ketone. Due to the size and complexity of the 
cyclodextrin molecule, the proposed pathw ay was first attem pted on a model 
compound, benzylidene methyl glucoside, and then applied to p-cyclodextrin. Data 
from thin-layer chrom atography and proton NMR are consistent with successful 
oxidation to the 3-deoxy-2-uIose of both the model compound and the cyclodextrin. 
The oxidized cyclodextrin is a useful precursor for the Wittig reaction. This
procedure is of interest in tethering p-cydodextrin to dicyanoanthracene with the 
intent of synthesizing a host that possesses photocatalytic properties.
THE SELECTIVE OXIDATION OF p-CYCLODEXTRIN 
ON THE SECONDARY FACE
2Introduction
Biological systems are able to elegantly perform chemical reactions rapidly 
and with incredible specificity. Enzymes are chiral protein catalysts responsible for 
most of the processes. The beauty of enzymes lies in their ability not only to to 
catalyze the chemical reaction of the substrates they act upon, but also to bind the 
substrates in such a way as to facilitate the specificity of the reaction. While 
chemists have used catalysts in many types of reactions, few catalysts allow chemists 
to control reactions with the elegance of enzymes.
In recent years, there has been much interest in the study of cyclodextrins as 
possible enzyme mimics. The cyclodextrins are cyclic oligomers of glucose able to 
form inclusion complexes w ith  organic molecules in aqueous solutions, providing 
binding for possible substrates (guests). Cyclodextrins also have hydroxyl groups 
surrounding their two faces (primary and secondary), which provide sites for 
derivatization w ith functionalities that could change the binding environm ent and 
react chemically w ith the guest. By carefully choosing the method of derivatization, 
one could conceivably optim ize the binding of particular guest molecules, and 
control the specificity of the reaction.
3OH
Reactive/derivatization sites
OH
Hydrophobic Cavity
Figure 1: General properties of cyclodextrins
Cyclodextrins have been successfully m odified to mimic the activity of certain 
natural enzymes, but they have also been derivatized with the goal of developing 
catalysts to increase the rate and specificity of other types of reactions. There is 
considerable interest in using CD's to exercise control over photochemical reactions 
in solution. These reactions are sometimes problem atic due to competing side 
reactions, and ineffiecient energy or electron transfer. By attaching 
photochemically active functionalities to the rims of the cyclodextrin molecule, 
photochemical reactions can be enhanced in both rate and specificity due to the 
proximity of a specific area of the bound guest to the attached photosensitizer.
The method used to attach a group has im portant effects on the binding and 
catalytic ability of the m odified cyclodextrin. The m ethod m ust form a stable 
linkage in order to be useful in controlling reactions. In addition, the geometry of 
the bonds tethering the two units will control the orientation of the functionality 
with respect to the opening to the cavity of cyclodextrin. The more rigidly the
4group is held to that opening, the greater its effect on the the hydrophobicity of the 
cavity, and thus, its effect on binding. As the binding ability of the modified 
cyclodextrin increases, its ability to catalyze a reaction increases as well. Also, a 
photosensitizer held in greater proximity to the guest with a fixed geometry would 
increase the efficiency of the catalysis and the specificity of the reaction. With these 
considerations, many types of tethering methods have been employed with varying 
degrees of success.
One possible way to attach a functionality to cyclodextrin is by use of the 
Wittig reaction. By reacting the phosphonium  ylide of a desired group with a 
carbonyl derivative of a cyclodextrin, an olefinic link would join the two. This 
would be a stronger and more rigid bond than previous single bond linkages, and 
would produce different effects on binding and catalysis. Synthesis of a prim ary face 
cydodextrin-aldehyde is know n,1 and the Wittig reaction on the prim ary face has 
recently been performed w ith success.2 The study of a W ittig product on the 
secondary face of cyclodextrin would therefore be of interest. Comparison of its 
binding and catalytic properties to those of the existing prim ary Wittig tether, and 
other previously derivatized cyclodextrins would provide information about the 
nature of the binding of guest molecules and their reactions. In addition, for a 
modified cyclodextrin to be of use with guest molecules that bind with the desired 
reactive site oriented tow ards the secondary face, being able to place the catalytic 
functionality at the secondary face would be necessary.
5Figure 2: Targeted modified cyclodextrin
A synthetic problem  which m ust first be overcome is to selectively oxidize 
one of the secondary hydroxyl groups of cyclodextrin to a ketone. Such a 
modification of cyclodextrin is currently unknown. A model system of one glucose 
residue was studied first in order to determine a viable method. This m ethod was 
then applied to cyclodextrin.
6Background
Cyclodextrins
Cyclodextrins are cyclic oligosaccharides composed of a-D-glucopyranose 
units in the 4Q  chair conformation bound by a-1,4 glycosidic linkages. 
Cyclodextrins have prim ary (C-6) hydroxyl groups at one opening, called the 
prim ary face, and secondary (C-2 and C-3) hydroxyl groups at the w ider opening, 
called the secondary face. The more flexible primary hydroxyls can rotate and 
partially cover the opening on the prim ary face, giving cyclodextrin its toroidal 
shape. Because the hydroxyl groups of the glucose units are oriented toward the 
openings of the cyclodextrin, the cavity is composed of carbon single bonds and 
ether bonds, creating a hydrophobic interior. Natural cyclodextrins have 5, 6, or 7 
glucose molecules, and are known as a , p, and y cyclodextrin, respectively.
Figure 3: a-, p-, and y- cyclodextrins (R \ R"=H)
p-cyclodextrin has the most rigid structure due to strong intram olecular hydrogen 
bonding, and therefore is more widely used. The cavity of p-C D  is about 70 nm in 
diam eter, allow ing good binding  of single molecules. Due to the hydrogen bonding
7interaction with the C-3 hydroxyl of the adjacent glucose residue, the C-2 hydroxyl 
proton of p-CD is more acidic (pKa = 12) than either the C-3 or the C-6.
© H
OH
Fig. 4: Hydrogen bonding stabilization of the p-CD C-2 alkoxide
Because of the complexation ability with small organic molecules afforded by the 
non-polar cavity, and the ease of functionalization at its various hydroxyl groups, 
there is much interest in the use of p-CD for potential catalysts.3
Although there has been more extensive study of derivatization at the 
primary face, various modifications of the secondary face of p-CD are known. Both 
the 2 and 3 positions have been regiosperifically derivatized. Reactions at the C-2 
hydroxyl depend on the more acidic nature of that proton for their specificity. Basic 
deprotonation will remove the hydroxyl proton of p-CD preferentially on C-2, 
selectively forming the more stable C-2 alkoxide. The alkoxide can then act as a 
nucleophile to attack substrates in simple substitution reactions that would then 
derivatize the P-CD selectively at C-2. The tosylation of p-CD at C-2 is a useful 
example of this type of modification.4'5 The C-3 position can be selectively
8sulfonated with p-naphthalenesulfonyl chloride through an inclusion complex that 
gives proximity to the C-3 hydroxyl over the C-2.6 The ability to sulfonate 
either position opens the door to other synthetic options in derivatization. For 
example, either sulfonate can be transformed to an epoxide by treatm ent with a 
weak base. The 2-O-tosyl p-CD is also easily transformed to the m a n n o  epoxide, as 
dem onstrated by D'Souza, Barton and Khan who successfully per-epoxidated p-CD.7 
Breslow and Czarnik report the sim ilar synthesis of the p-CD mono-manno  
epoxide.8 Conversely, the 3-sulfonate is converted to the alio epoxide.6 Either 
epoxide can then selectively opened by nucleophilic attack, a method which has 
been used to tether p-CD in binding9 and enzym e mimic6'10 studies.
Oxidations of the hydroxyl groups of p-CD have been perform ed on both the 
prim ary and the secondary faces. Oxidation of the C-6 prim ary hydroxyl group to an 
aldehyde can be done in several ways. The C-6 hydroxyl can be first derivatized, and 
then oxidized. Gibson, Melton and Slessor11 report substituting the hydroxyl on C-6 
of p-CD with an amino group, and then oxidizing with ninhydrin to the aldehyde. 
They also report the photolytic oxidation of the azido substituted compound to the 
same aldehyde. Another method utilizes the Nace reaction. The 6 -0  monotosylate 
of p-CD can be oxidized to the corresponding m onoaldehyde in DMSO/ collidine.1
9NH
OH N.
hv
C-6 hydroxyl
DMSO/collideneOTs
Figure 5: Previous oxidations of p-CD on the primary face
Oxidation on the secondary face to oxime and hydroperoxide moieties has been 
performed w ith success,10 however the introduction of carbonyl groups has been 
limited to opening the pyranoside ring at C-2 and C-3 with sodium  m etaperiodate, 
forming two aldehyde groups in the process.12 At present, a procedure for selective 
oxidation of a secondary hydroxyl of p-CD to a ketone is not known.
Previous T ethering/C apping of p-CD — p-CD in photocatalvsis
The use of different modified p-CD compounds as enzym e mimics has been 
studied for several years. In some cases, P-CD can catalyze reactions w ithout 
m odification because the change in local environm ent and orientation induced by 
binding is sufficient to accelerate the reaction and / or control the specificity of the 
reaction.13' 14 The attachm ent of a chemically active molecule to the p-CD can 
create an enzyme mimic that is much more specific, by both increasing the binding
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specificity and the reaction specificity of the modified host. Groups that are attached 
to p-CD by one linkage are known as tethers, while groups that are attached by two 
are known as caps. The tether or cap can both act as a reactive group, interacting 
chemically with guest molecules, and can enhance the binding capabilities of the 
cyclodextrin by increasing the hydrophobic surface area of the cavity. The catalytic 
abilities of enzymes have been modeled by various modifications of p-CD  of this 
type. The action of chymotrypsin has been modeled with a cyclodextrin derivitized 
with a tether at the secondary face that includes the reactive groups found at the 
reactive site of chym otrypsin.15 In addition, Breslow has tethered p-CD at the 
secondary face with pyridoxam ine thiol in order to mimic the catalysis of 
transam inase enzym es.8 The secondary face of p-CD  has also been derivatized with 
hydroxylamine and then oxidized to the 3-deoxy-3-oxo-p-CD in order to study this 
derviative’s possibilities as a m odel for the transacylation of p-nitrophenyl acetate.10
In addition to being able to construct artificial enzyme models, modified P - 
CD's show m uch prom ise in the area of creating "custom catalysts" for problematic 
reactions. Their use as photocatalysts can potentially add efficiency, specificity, and 
control to particular reactions that can be random  and inefficient in solution, by 
binding substrates in specific orientations and close proximity to photochemical 
functionalities.16 Several photocatalysts have been synthesized by modifiying p -  
CD with tethers or caps of photochemically active groups that can achieve energy or 
electron transfer to a non-covalently bound substrate. Porphyrin is one such 
photochem ically active molecule used in the derivatization of p-CD. A primary 
face porphyrin tethered p-C D  was successful in facilitating an intram olecular 
electron transfer from the porphyrin  to a non-covalently bound quinone 
(benzoquinone and naphthoquinone) or to nitrobenzene.17 A porphyrin-p-CD  
sandw ich form ed from two P-CD  molecules capped by the same porphyrin
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molecule was found to be ineffective in binding benzoquinone and facilitating 
electron transfer, but successful in the cases of naphthoquinone and anthraquinone- 
2-sulfonate.18 P-CD tethered with rose bengal on the primary face was illustrated to 
increase the photooxidation rate of bound substrates while in the presence of both 
beta carotene (a competing physical quencher) and anthracene (a competing 
chemical quencher), indicating the im portance of binding to control of the 
catalysis.19 A secondary face flavin tether of 0-C D  has also been shown to 
photooxidize a bound alcohol.20
The photochemistry of the triplet excited state of quinones is well known, 
and several have been used to derivatize p-CD. Benzophenone-capped p-CD 
(primary face) has catalyzed the triplet-triplet energy tranfer to bound naphthalene 
derivatives,21 but has also been shown to undergo problem atic intram olecular 
hydrogen abstraction from the p-CD.22 Anthraquinone-capped p-CD (primary 
face) has similarly undergone intram olecular hydrogen abstraction to oxidize the 
primary hydroxyl of p-CD, rather than react photochemically with the guest. 
Although quinones can undergo either electron transfer or hydrogen abstraction in 
their triplet excited state, the binding of the substrate (guest) in this case is evidently 
not strong enough to prevent the hydrogen abstraction.
Dicyanoanthracene (DCA) is a known photosensitizer that has significant 
catalytic possibilities.
N
III
C
c
III
N
Figure 6: 9,10-Dicyanoanthracene
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Unlike the quinones, DCA has a singlet excited state that will not undergo 
intramolecular hydrogen abstraction, and is a much better candidate for creating a 
photoinduced electron transfer catalyst. Currently there are several known DCA 
derivatized p-cyclodextrins. The first is a DCA-disulfonyl capped p-CD, on the 
primary face. This derivative is problematic as a photocatalyst. Quenching studies 
showed that the substrates (guests) were not bound tightly enough to the host, in 
fact, binding was less strong than with unmodified p-CD. In addition, the sulfonate 
linkages proved to be hydrolytically labile under m ildly basic conditions in the 
presence of light.23 A DCA tethered to p-CD  through an ether linkage provided 
better binding than the disulfonyl cap, but has other problems. The instability of the 
tether and its flexible geometry with respect to the p-CD  make it a less than ideal 
catalyst. Because the ether was synthesized via the p-CD-2-alkoxide, theoretically 
only the 2-O-derivative w ould be produced. Surprisingly, the product showed 
rearrangem ent to yield the 6-0- tether as well. The 6 -0  derivative indicated better 
binding constants than unm odified P-CD, however the 2 -0  derivative's binding 
was only equal to that of p-CD. This reduced binding ability could be due to the lack 
of defined geometry in the tether. The flexibility of the ether bond could allow the 
DCA itself to enter the cavity of the p-CD and exclude the intended substrate.24
13
CN
CH
Figure 7: The 2-O-ether tether of DCA with P-CD
A tethering m ethod providing a less labile linkage and creating a more 
defined geometry of the DCA w ith the p-C D  could potentially overcome these 
problems. The W ittig reaction, which creates an olefinic linkage betw een the DCA 
derivative and the m odified p-CD , has been successfully perform ed on the primary 
face. While the product has not yet been studied photochemically, it is more stable 
than the ether tether, and should have a m uch more defined geom etry.2 It is of 
interest to study the properties of a p-CD modified by DCA similarly on the 
secondary face, at either the C-2 or the C-3 position, and compare properties with the 
derivative m odified at the C-6 position. In addition, it is postulated that the more 
rigid nature of the binding between DCA and p-CD through the W ittig reaction 
would prohibit the DCA from entering the hydrophobic cavity of p-CD, increasing 
its binding ability relative to the 2-O-ether derivative.
14
CN
CN
Figure 8: fWCD tethered with DCA by the Wittig reaction on the secondary face
Benzvlidene methyl glucoside
MethyI-4,6-0-benzylidene-a-D-glucoside is an ideal one residue model for 
modifications of the secondary face of p-cyclodextrin. Only the 2- and 3- hydroxyl 
groups are unprotected, similar to the secondary face of p-CD. In addition, the 
benzylidene group imposes a rigid 4Q  chair conformation on the glucoside model, 
sim ilar to p-CD  where the glucose residues are held in a som ewhat rigid 4Q  chair 
conformation due to the glycosidic linkages between them. Both ketones of 
benzylidene methyl glucoside, the 2-deoxy-3-ulose and the 3-deoxy-2-ulose, have 
previously been synthesized and characterized, although by m ethods that would 
prove too harsh  to use w ith P-CD. Thus, we sought to develop a pathway that was 
sufficiently m ild so as to selectively oxidize a single secondary hydroxyl of p-CD to a 
ketone w ithout m odification of the other unprotected hydroxyl groups.
15
HO OCH3OCH3
Figure 9: A one-glucose model for oxidation of the  secondary face of p-CD.
The selective oxidation of the secondary hydroxyl groups of carbohydrates has 
been synthetically im portant in the synthesis of branched-chain sugars by the Wittig 
reaction. These sugars are of importance due to their presence in some antibiotics. 
Several different m ethods have been employed to oxidize benzylidene methyl 
glucoside to a carbonyl at the hydroxyl of either C-2 or C-3. Most of them use 
general m ethods to oxidize secondary alcohols after first protecting or elim inating 
the other hydroxyl group. Szarek and Dmytraczenko have synthsized methyl 4,6-0- 
benzylidene-2-deoxy-a-D-hexopyranosid-3-ulose25 through first protecting the 
hydroxyl on C-2 with a tosyl group.26 The oxidation at C-3 was then accomplished 
with the Pfitzner-Moffatt reagent (DMSO/ dicyclohexylcarbodiimide/ 
orthophosphoric acid),and the tosyl group was photochemically removed to yield 
the 2-deoxy 3-ulose.27 Frasier-Reid et al. also used protection and deprotection, 
forming first the 2 -0  or 3 -0  f-butyl dimethyl silyl ether of the benzylidene methyl 
glucoside before oxidizing the unprotected hydroxyl with DMSO/ trifluoroacetic 
anhydride.28 Other groups have taken the approach of first form ing the alio or 
m a nno  epoxide at C-2 and C-3, and then reductively opening the epoxide with 
lithium  alum inum  hydride to the 2-deoxy (alio) or3-deoxy (manno)  sugar before 
oxidation. Crom ium  trioxide29 and ruthenium  dioxide/ potassium  
m etaperiodate30 have been used as oxidants, as well as acetic anhydride.31 
Specifically, Hicks and Frasier-Reid used lithium  alum inum  hydride to reductively
16
ring open the m an n o  epoxide of benzylidene methyl glucoside, and oxidize it with 
pyridinium  dichrom ate32 to the 3-deoxy 2-ulose that was targeted in our model 
synthesis.33 Few methods selectively oxidize unprotected hydroxyl groups. Kondo 
and Takao found that the reaction of benzylidene methyl glucoside with 
DM SO /phosphorus pentoxide at 40 °C for 3 days selectively oxidized the C-3 
hydroxyl to produce the ribo-3-ulose.34 Most creatively, Tsuda et al. succeeded in 
oxidizing one hydroxyl on unprotected sugars using brominolysis of a dibutyl tin 
interm ediate.35
While all of these m ethods do oxidize one hydroxyl group of benzylidene 
methyl glucoside to a ketone, none of these are viable in the case of cyclodextrin. 
Most conventional m ethods of oxidation are too harsh to use with p-CD. The above 
oxidations that utilized protection or elimination of the other hydroxyls will affect 
any unprotected hydroxyl, and thus w ould randomly oxidize any of the 21 hydroxyl 
groups on p-CD. A m ethod of oxidation is needed that would reliably transform  
only one, and only on the secondary face.
Epoxides
Epoxides are three m em bered rings which contain two carbon and one 
oxygen atom. Due to their inherent strain, epoxides are reactive functionalities, and 
are easily opened by nucleophilic attack at one of their carbon centers. Epoxides 
have been utilized extensively in the area of carbohydrate derivatization. In a 
pyranoside or furanoside, any diol which can adopt a trans-diaxial conformation can 
be epoxidized. The need for the trans-diaxial conformation is due to the Sn2 nature 
of the reaction. In general, one of the hydroxyl groups is first derivatized, so as to 
contain a good leaving group. The most widely used reaction is that of tosylation,
17
useful because the tosyl group can replace the hydrogen of the alcohol, and then 
leave as tosylate. Once one of the hydroxyls has been derivatized with a good 
leaving group, a base can abstract the proton from the neighboring alcohol, and the 
alkoxide formed can nucleophilically attack the carbon containing the leaving group 
from the backside, and the leaving group will depart, creating the epoxide.
OH OH
xr 'y
Figure 10: General scheme for ring epoxidation
2,3-Epoxides of glucosides are well known. Robertson and Griffith, and Richtmeyer 
and H udson have reported the formation of the alio epoxide from the 2,3 ditosyl 
benzylidene methyl glucoside,26/36 and Hicks and Frasier-Reid have dem onstrated 
the formation of the 2,3 m a n n o  epoxide from the corresponding 2-O-tosyl 
glucoside.33 Epoxides of p-CD are also well known, and are formed through the 3-0- 
tosyl p-CD, and the 2-O-tosyl p-CD derivatives analagous to the glucosides. Epoxides 
are especially synthetically useful in specific modifications of the secondary face of 
P-CD. Because on the secondary face each glucose unit possesses two hydroxyls that 
can adopt a trans-diaxial conformation, and on the primary face each has only one
18
hydroxyl group, any pathway that began with an epoxidation would be specific to
the secondary face.
Epoxides are readily opened by nucleophilic attack. This reaction is a very 
selective one for carbohydrates. For the 2,3-m an no  epoxide of methyl glucoside, the
anomeric carbon, and thus w ould experience a very unfavorable dipole-dipole 
interaction attacking at the 2-carbon. Therefore, m a n n o  epoxides are exclusively 
attacked by nucleophiles at the 3-carbon. The 2,3-alio epoxide, on the other hand, 
w ould require nucleophile attack from the opposite direction, opposite to the 
glycosidic oxygen, and a nucleophile attacking at the 2-carbon would experience a 
very favorable dipole-dipole interaction. Thus, alio epoxides are exclusively 
attacked by nucleophiles at the 2-carbon. In this way, epoxide ring openings of 
carbohydrates are conveniently regiospecific.
H H Nu
incoming nucleophile would be oriented parallel to the glycosidic oxygen on the
Unfavorable — C-3 preferred 
for manno epoxides
Favorable — C-2 preferred 
for alio  epoxides
Figure 11: Dipole interactions for nucleophilic attack of epoxides
Epoxides are a reasonable step in the synthesis of a carbonyl group. In fact, 
treatm ent with trifluoromethanesulfonic acid /  DMSO followed by 
diisopropylethylamine can yield an a-keto alcohol in one step from some
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epoxides.37 In other cases, one could use a nucleophile to open the epoxide 
regioselectively to an easily oxidized derivative.
Phenyl Selenide
Phenyl selenide anion is an ideal nucleophilic reagent for the epoxide ring 
opening of sugar residues. Because of the large, diffuse electron cloud surrounding 
selenium, and the adjacent pi electron system of the phenyl ring, phenyl selenide is 
easily polarizable, and therefore a very powerful nucleophile. Phenyl selenide 
derivatives are relatively stable, but are also easily oxidized to the phenyl 
selenoxides, which are able to undergo p-elim ination to olefins.38 The phenyl 
selenide anion can also be produced from diphenyl diselenide in a variety of ways, 
leading to differing degrees of nucleophilicity.39/40
Phenyl selenide has been used widely to open epoxide rings. Epoxide rings of 
simple cyclic and linear hydrocarbons have been opened to the p-phenylseleno 
alcohols by phenyl selenide generated from diphenyl diselenide and 
tributylphosphine.41 Cyclohexene oxide has been opened by phenyl selenide anion 
generated by th iol/ diselenide exchange.42
Phenyl selenides are easily oxidized to the selenoxides by sim ple oxidants 
such as hydrogen peroxide, peracetic acid, or m -chloroperoxybenzoic acid. The 
selenoxides easily undergo syn-elim inations to alkenes. In a sy«-eIim ination, the 
phenyl selenoxy group abstracts the adjacent hydrogen in a syn  orientation to leave 
in the form of phenyl selenic acid, forming the alkene. Sharpless and Lauer have 
used a phenyl selenide anion complex (generated from diphenyl diselenide by 
sodium  borohydride in ethanol) to open epoxides and then oxidize and elim inate to 
the allylic a lcohol43 Phenyl selenide anion has also been used to open the epoxide
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rings of carbohydrates. M ethyl-2,3-anhydro-tagatofuranosides were opened with 
phenyl selenide anion (generated according to Sharpless and Lauer) to yield the 
corresponding p-hydroxyselenides, and then oxidized to the hexulofuranosides 
(allylic alcohols).44 It is well-known that the ring-opening of an epoxide, followed 
by oxidation and elimination, is a facile pathw ay to allylic alcohols because the 
hydrogen abstracted will never be attached to the carbon with the alcohol. 44 All 
instances of oxidation and elimination in these cases produce allylic alcohols rather 
than enols. In fact, in cases where no other p-hydrogen was available, the 
elim ination did not occur, and an internal redox reaction form ed the phenylseleno- 
ketone.45 A lthough in sim ilar cases of elim inations with sulfoxides, the enol will 
form (and thus the ketone),46'4? this has not been reported to happen with 
selenoxides.
Ph
H H
H H OH H H OH
Figure 12: Syn elimination of phenyl selenoxide to form allylic alcohols
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W ittig reaction
The W ittig reaction is a very useful tool in organic synthesis, providing a 
completely regiospecific m ethod to convert carbonyls to alkenes. In general, an 
alkyl derivative of a phosphorus ylide reacts with a compound containing an 
aldehyde or ketone to give the alkene and the phosphine oxide as products. The 
reactivity of the ylide is due to its electronic structure, represented by resonance 
forms, in which the phosphorus atom carries a large positive charge and the a- 
carbon a large negative charge. The m echanism  of the W ittig reaction involves the 
negatively charged a-carbon center nucleophilically attacking the carbonyl carbon to 
form a betaine. The negatively charged oxygen atom then attacks the positively 
charged phosphorus atom in the betaine to form the square, cyclic oxaphosphetan 
before dissociating to the alkene and the phosphine oxide.48 The betaine can have 
two asymmetric centers, potentially leading to both trans- and cis-alkenes.
However, with stabilized ylides, the trans-alkene is exclusively formed. This 
phenom enon is explained by the the reversibility of betaine formation, which leads 
to the form ation of the more therm odynam ically stable trans-alkene 49
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Figure 13: General mechanism for the Wittig reaction
Unstabilized phosphorus ylides are very reactive, and will react with a variety 
of oxygen containing com pounds, including alcohols. Therefore, they have not 
been used extensively in carbohydrate chemistry. The presence of an electron- 
w ithdraw ing group on the a-carbon will delocalize the negative charge, creating a 
stable ylide that is unreactive toward alcohols.50 The phosphorus ylide of 2-methyl- 
dicyanoanthracene has been synthesized. The 2-bromomethyl derivative of DCA 
was reacted w ith triphenyl phosphine to yield the phosphonium  salt. The a-carbon 
was then deprotonated by potassium  f-butoxide to give the ylide. DCA is a powerful 
electron-withdrawing group, which stabilizes the ylide.
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P h ^ C
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Figure 14: Resonance stabilization of the phosphorus ylide of DCA
C N ©
This DCA-stabilized ylide was successfully reacted with p-CD-6-aldehyde to yield the 
6-deoxy-6-(9,l 0-dicyanoanthracenyl-2-methylene)-p-cyclodextrin.2 The W ittig 
reaction is therefore be a prom ising method for derivatizing p-CD on the secondary 
face with a stable, geometrically defined tether.
O
CN
P i b P - c .C
H
CN
Figure 15: Proposed derivatization of p-CD on the 
secondary face using the Wittig reaction
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EXPERIMENTAL
DMF was distilled from CaH2 under vacuum (0.1 Torr). Thin-layer chrom atography 
was perform ed on Analtech silica gel HLF plates (250 microns, organic binder, UV 
254) w ith a solvent system of 1:3 ethyl acetate:hexanes by volume for glucoside 
compounds, and 5:4:3 n-butanol:ethanol:water by volume for cyclodextrin 
com pounds. Spots were visualized by UV lamp, and w ith vanillin solution and 
heat. Reverse-phase liquid chromatography was perform ed w ith RP-18 reverse- 
phase silica gel (Whatman, LRP-2, 37-53 mm) in flash columns with a gradient 
elution of 13 fractions (100 mL each), with compositions of 0%, 1%, 2%, 4%, 6%, 8%, 
10%, 15%, 20%, 30%, 40%, 50%, and 80% acetonitrile in water. Preparative high 
perform ance liquid chromatography was perform ed on a W ater 244 system 
equipped with a UV absorption detector (254 nm), using a W hatm an Magnum 20 
ODS column. 1H NMR spectra were obtained using a GE QE-300 spectrometer.
4,6-O-benzylidene-a-D-methyl glucopyranoside 51
Benzaldehyde was distilled under nitrogen, and the fraction boiling from 179-181 °C 
was collected. Zinc chloride was ground with a mortar and pestle and dried i n 
vacuo .
a-D-M ethyl glucoside (28.17g, 0.145 mol) and zinc chloride (21.19g, 0.156 mol) were 
added to a round bottom flask followed by benzaldehyde (71 mL, 0.70 mol). The 
m ixture was placed under nitrogen and stirred at room tem perature overnight. The
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reaction m ixture was added to 500 mL ice water with stirring. A white solid 
precipitated and was vacuum filtered, washed with hexanes, and dried in vacuo.
The product was recrystallized from benzene (140 mL) and a white crystalline solid 
was recovered (19.82 g, 70.22 mmol, 48.4%). TLC Ry=0 in this solvent system. !H 
NMR spectrum  show n in Figure 21.
Methyl-2,3-anhydro-4,6-0-benzylidene-a-D-mannopyranoside  33
Sodium hydride (60% oil dispersion, 1.06 g, 26.5 mmol) was washed free of oil with 
3 portions of hexanes (50 mL ea.), and added to a round bottom flask, followed by 
DMF (100 mL, distilled). 4,6-O-Benzylidene-a-D-methyl glucopyranoside (2.84 g, 
10.06 mmol) was added, and the mixture was stirred under a calcium chloride 
drying tube for 35 minutes. N-(p-Toluenesulfonyl) im idazole (2.45 g, 11.02 mmol) 
was ground with a m ortar and pestle, and added to the m ixture, which was stirred at 
room tem perature for an additional 60 minutes. The reaction m ixture was poured 
into 900 mL of ice water. A white solid precipitated and was collected by vacuum 
filtration. The product was recrystallized from hexanes (500 mL) and benzene (80 
mL), yielding a white crystalline solid (1.42 g, 5.374 mmol, 53.4%). TLC Ry=0.57. *H 
NMR spectrum  shown in Figure 22.
Methyl-3-phenylseleno-4,6-0-benzylidene-a-D-altropyranoside
D iphenyl diselenide (0.71 g, 2.27 mmol) was dissolved in ethanol (50 mL, absolute) 
in a round bottom  flask. Sodium borohydride (0.24 g, 6.34 mmol) was added in 
several small portions. The yellow solution bubbled, and became colorless. The 
epoxide (1.07 g, 4.05 mmol) was added when the solution became colorless. The
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m ixture was heated to reflux under a condensing tube and nitrogen, in a 100 °C oil 
bath for 2.5 hours. When cool, the reaction m ixture was poured  into 800 mL of ice 
water, stirred for 10 minutes, and the precipitated solid was collected by vacuum 
filtration. The solid was allowed to air dry, yielding 1.22 g of the crude phenyl 
selenide. TLC R^=0.20. 1H NMR spectrum  shown in Figure 23.
Methyl-3-phenylselenoxy-4,6-0-benzylidene-a-D-altropyranoside
M ethyl-3-phenylseleno-4,6-0-benzylidene-a-D-glucopyranoside (0.84 g, 1.99 mmol) 
was dissolved in ethanol (20 mL, absolute) in a round bottom flask. The flask was 
placed in an ice bath, and hydrogen peroxide (30%, 0.53 mL, 0.16 g, 4.66 mmol) was 
added by syringe. The reaction mixture was allowed to come to room tem perature 
and stir overnight. TLC R/=0 in this solvent system.
Methyl-4,6‘0-benzylidene-3-deoxy-a-D-erythro-hexopyranosid-2-ulose
The crude phenylselenoxide solution was divided into two 10 mL portions. To one 
was added 5 mL of Reillex beads, and to the other was added 1 mL of reagent grade 
pyridine. Each flask was fitted with a condensing tube, and placed in an oil bath 
heated to 95°C. The disappearance of the phenylselenoxide was m onitored by TLC, 
and the reactions were complete w ithin 1 and 2 hours, respectively.
W hen cool, each reaction mixture was diluted to 50 mL with deionized water, and 
extracted w ith 3 portions of dichloromethane (50 mL each). The beads were filtered. 
The organic layers were washed 5 times with deionized w ater (50 mL each), dried
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over calcium chloride, filtered by gravity, and concentrated in vacuo. The pyridine 
was rem oved from the first product under high vacuum.
The products were purifed by sublimation and combined, yielding the 2-ulose (0.136 
g, 0.513 mmol, 18.4% by 1H NMR) and diphenyl diselenide. TLC Ry=0.32. NMR 
spectrum  show n in Figure 24.
l-O-tp-Toluenesulfonyiyp-cyclodextrin  5
0-Cyclodextrin was dried at 117°C under vacuum  (0.1 Torr) overnight, p- 
Toluenesulfonyl (tosyl) chloride was sublim ed under vacuum  (0.1 Torr) p rior to 
use. Sodium hydride (60% oil dispersion) was washed with 3 portions of pentane 
(25 mL each) and dried under an argon stream  before weighing. All solutions were 
mixed under nitrogen.
0-Cyclodextrin (14.15g, 12.47 mmol) was added to DMF (220 mL) and stirred. NaH 
(0.30g, 12.5 mmol) was added, and the m ixture was stirred overnight. Tosyl chloride 
(2.38 g, 12.47 mmol) was dissolved in DMF (10 mL) in a 1 L flask. The 0- 
cyclodextrin-alkoxide mixture was added dropw ise to the tosyl chloride solution, 
and allowed to stir for an additional 2.5 h a t  room tem perature after the addition 
was complete. The DMF was distilled under vacuum  (0.1 Torr), and the rem aining 
solid was transferred with acetone, and collected by vacuum filtration. The solid 
was slurried in water (250 mL), added dropwise to acetone (250 mL), and the 
precipitated solid (unreacted 0-CD) was collected by vacuum filtration. The filtrate 
was again added dropwise to acetone (500 mL), and the precipitated solid (unreacted
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P-CD) collected by vacuum filtration. The filtrate was concentrated in vacuo to 20 
mL, added dropw ise to acetone (1 L), and the precipitated solid collected by vacuum 
filtration. This solid was purified by reverse-phase chromotography, yielding the 2- 
O-tosyl-p-cyclodextrin (0.34 g, 0.264 mmol, 2.11%). TLC Rf=0.60. *H NMR spectrum  
shown in Figure 25.
2-0-(p-Toluenesulfonyl)-/5-cyclodextrin 4
P-Cydodextrin (12.0 g, 10.57 mmol) was dissolved with stirring in DMF (120 mL, 
reagent grade), and warm ed in an oil bath (60°C). 3-Nitrophenyltosylate (3.10 g,
10.58 mmol) was added, followed by a carbonate buffer (72 mL, 1.12 g Na2 C0 3 , 0.32 g 
NaHCC>3 ). The mixture was stirred for 1 hour at 60°C, and then neutralized w ith 
cation exchange beads (20 mL in H 2O). The mixture was added to acetone (1L), and 
the precipitated solid (unreacted p-CD) was collected by vacuum filtration. The 
filtrate was concentrated to dryness. The remaining solid was slurried in acetone, 
and collected by vacuum  filtration. The solid was purified by reverse-phase 
chromotography, yielding the 2-O-tosyl-p-cydodextrin (0.58 g, 0.450 mmol, 4.26 %).
2A £ A- Anhydro-p-cyclodextrin manno qjoxide 52
2-O-tosyl-p-cydodextrin (0.29 g, 0.225 mmol) was added to an aqueous solution of 
am m onium  bicarbonate (0.60 g in 10 mL H 2O) with stirring. The m ixture was 
heated in an oil bath (60°C) under a reflux condenser, and the reaction was 
monitored by TLC. The reaction was judged to be complete after 6 hours. The 
m ixture was d ilu ted to a volume of 100 mL with water, and then treated w ith two 
portions of cation exchange beads (5 mL each) and two portions of bicarbonate anion
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exchange beads (5 mL each). The solution was filtered by gravity, and concentrated 
to dryness in vacuo. The solid was dissolved in H 2O (3mL), added dropwise to 
acetone (1L), and the precipitated solid was collected by vacuum filtration. The solid 
was dried in vacuo , and 0.17 g was recovered. The crude product was not purified. 
TLC Ry=0.41. NMR spectrum  shown in Figure 26.
3A-Deoxy-3A-phenylseleno-fi-cyclodextrin
2,3-Anhydro-p-cyclodextrin-manno epoxide (0.1730 g, 0.155 mmol) was added to 
water (5 mL) and stirred. Diphenyl diselenide (0.246 g, 0.0788 mmol) was dissolved 
in ethanol (5 mL, absolute). Sodium borohydride (0.0070 g, 0.185 mmol) added, and 
the mixture bubbled and became paler in color. Additional NaBPLj was added in 
very small am ounts until the solution became colorless. The phenyl selenide 
solution was added to the epoxide solution, and the mixture was heated to reflux 
under a condenser in an oil bath, and allowed to reflux overnight. The solution 
was allowed to cool, and the solvents rem oved in vacuo. The solid was slurried in 
acetone and collected by vacuum filtration, and 0.18 g was collected. Purification by 
reverse-phase liquid chromotography yielded a solid (0.07 g recovered) that was 
>50% product by 1H NMR. TLC Ry=0.60. 1H NMR spectrum  shown in Figure 27.
3A-Deoxy-3A-phenylselenoxy-(3-cyclodextrin
Partially purified 3-phenylseleno-p-cyclodextrin (0.07 g, 0.055 mmol) was added to 
water (10 mL) with stirring and placed in an ice bath. Hydrogen peroxide (30 %,
11.25 mL, 3.7 mg, 0.110 mmol) was added by syringe, and the reaction was allowed to
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gradually come to room tem perature and stir overnight. TLC indicated that the 
reaction was complete. TLC R/=0.39.
3A-Deoxy-f}-cyclodextrin-2A- ulose
Reillex beads (lm L in H2O) were rinsed into the m ixture containing the 
phenylselenoxide. Ethanol (15 mL) was added, and the reaction mixture was 
refluxed for 1 hour. After cooling, the m ixture was filtered by gravity, and the 
filtrate was concentrated to dryness in vacuo. The solid was slurried in acetone and 
collected by vacuum filtration. 0.06 g was recovered. The product was purified by 
reverse-phase chromotography in a pipet, w ith 20 mL of 5% acetonitrile in water 
followed by 20 mL of 10 % acetonitrile in water, and concentrated to dryness in 
vacuo. *H NMR spectrum  show n in Figure 28.
3A-Deoxy-P-cyclodextrin-2A-p-nitrophenylhydrazone
The crude |3-CD-ulose (0.06 g, 0.054 mmol) was dissolved in the m inim um  amount 
of H 2O (5-10 mL). Acetic acid (glacial, 0.1 mL, 1.85 mmol) and p- 
nitrophenylhydrazine (0.28 g, 1.85 mmol) were added with stirring. Ethanol was 
added until the hydrazine dissolved (about 40 mL), and the mixture was heated to 
reflux for one hour. After cooling overnight, the solvent was removed in vacuo. 
The solid was collected and washed w ith acetone (to remove unreacted hydrazine), 
and collected by vacuum filtration. The crude product was purified by preparative 
HPLC with a solvent of 25% acetonitrile in water. The peaks eluting at 8.0 min were 
collected, and the solvent rem oved in vacuo. The solid was slurried in acetone and
collected by vacuum filtration. 0.0009 g was recovered. TLC R/=0.64. ]H NMR 
shown in Figure 29.
Results
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The synthesis of a p-cydodextrin  molecule with a ketone functionality on its 
secondary face is the key to the applicability of the Wittig reaction on this face for 
synthesis of photocatalytic hosts. Because p-CD is such a large molecule, and the 
goal is to modify only one of the seven glucose residues, the success of the ketone 
functionality introduction could be complicated to evaluate by means of sim ple 
methods such as TLC and NMR. Therefore, a model compound, benzylidene 
methyl glucoside, was used first to determine a pathway successful on a one-glucose 
residue that would be easier to analyze by relatively simple methods.
a-D-M ethyl glucoside is commercially available. The addition of the 
benzylidene group according to the literature procedure yielded a recrystallized 
product (from benzene rather than hot water as described in the literature) that was 
pure by TLC, and consistent with the expected product by NMR (aromatic signals 
integrated for 5 for the benzylidene group compared to 3 for the methyl group). 
Likewise, the epoxidation succeeded as described by Frasier-Reid, although in initial 
attempts the tosylated interm ediate did not fully react to the epoxide due to 
utilization of aged sodium  hydride. Recrystallization was performed from a two- 
solvent system of benzene and hexanes, as one-solvent systems (including 
methanol, from the literature) were not successful. The identification of the 
recrystallized product was confirmed by *H NMR and TLC.
Initially, we attem pted to oxidize the epoxide to a ketone in one step. 
Trifluorom ethanesulfonic acid and DMSO were used in an attem pt to do so 
according to Trost and Fray,37 but yielded a product that showed no carbonyl stretch 
by IR, and had a m elting point that indicated that the epoxide had opened to the 
diol. Another attem pt at direct oxidation was made using trim ethylam ine-N-oxide,
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which is known to oxidize primary halides to the corresponding aldehydes.53 In 
this case, the benzylidene group was cleaved, yielding a product that contained 
benzaldehyde, as determined by NMR. At this point, attem pts at a one-step 
oxidation of the epoxide to a ketone were abandoned.
An indirect m ethod of opening the epoxide ring w ith a nucleophile, and then 
oxidizing to the ketone was tried. The ring-opening was first attem pted with azide 
ion, but no reaction with the epoxide occurred. A phenyl selenide ring opening 
procedure was adapted from the procedure used by Sharpless and Lauer43 to open 
epoxides and elim inate to allylic alcohols. The ring-opening was easily m onitored 
by TLC. The disappearance of the spot assigned to the m an no  epoxide was 
accompanied by the appearance of a spot with a lower R/ value that was UV active, 
and stained w ith vanillin, and the reaction was judged complete when the m an no 
epoxide spot was no longer visible. aH NMR indicated the presence of the phenyl 
selenide by peaks in the aromatic region in addition to the benzylidene signals - one 
doublet of the phenyl group farther downfield - that were not present in the tnanno  
epoxide.
The oxidation of the phenyl selenide to the phenyl selenoxide was attem pted 
using both hydrogen peroxide (30%) and m -chloroperoxybenzoic acid with some 
success. The MCPBA oxidation was done in benzene at reflux, and appears to have 
elim inated to the 2-ulose in one step. The reaction was m onitored by TLC and a 
new spot appeared as the phenyl selenide spot disappeared. Analysis of the crude 
product by NMR indicated the presence of the 2-ulose by the appearance of a 
m ultiplet at 3 ppm  that is also present in the spectrum of the product of the 
oxidation and elimination procedure described by Hicks and Frasier-Reid.54 
Isolation of the product was attempted by recrystallization, and by formation of a
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tosylhydrazone followed by recrystallization, however, we were unable to separate 
the product from the diphenyl diselenide and the MCPBA.
The oxidation of the phenyl selenide by hydrogen peroxide proved to be a 
much sim pler process. The oxidation was done in ethanol, and at room 
tem perature, and the oxidation to the phenyl selenoxide was easily m onitored, as 
the selenoxide is much more polar and did not move on the TLC plate. When the 
oxidation was complete, the crude m ixture was heated to reflux and the elim ination 
was monitored, also by TLC. Initially, appearance of the product was observed, 
followed by disappearance of the product as the mixture continued to reflux. This 
problem was solved by the addition of a small amount of base (pyridine/Reillex 
beads) to prevent the acid-catalyzed hydrolysis of the benzylidene protecting group 
by the selenic acid generated in the elimination. The work up of this reaction was 
simplified by the fact that the peroxide could be removed by extracting the product 
in methylene chloride and washing with water. The product did not recrystallize 
using any of the solvent systems we attem pted, however, we found that the product 
would sublime, along with any diphenyl diselenide that had formed. The sublimed 
solid was then analyzed by NMR, and yield could be calculated by comparing the 
doublet for the diphenyl diselenide in the aromatic region with the peaks for the 
carbohydrate protons. It may be possible to purify the product completely by silica 
gel chromatography, although that m ethod was not attempted.
Application of this pathw ay to p-CD was successful, with a few 
modifications. The tosylation of the 2 position of p-CD has two different 
preparations reported in the literature. Most recently, Rong and D'Souza reported a 
procedure using tosyl chloride that had a crude yield of approximately 30%.5 This 
procedure was attempted repeatedly with consistently low yields (0.5-2.0% after 
purification by reverse-phase column chrom atography). Variation in the reaction
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time, equivalents of tosyl chloride, and equivalents of sodium  hydride, had no 
appreciable effect upon the yield. In an earlier article, Breslow had reported the 
tosylation of the 2 position of p-CD with nitrophenyltosylate, and reported a yield 
of 10%.4 This procedure, while it required the synthesis of nitrophenyltosylate 
previous to the reaction, was in some ways easier because it d id  not require the dry 
conditions of the first. Although the literature yield was never achieved, the 
reaction did prove to be about twice as productive as the first (4-5% yields), and the 
Rong procedure was abandoned in favor of the Breslow procedure.
In each procedure, most of the unreacted p-CD was removed by precipitation 
into acetone, yielding a crude product enriched in the P-CD tosylate. Attem pts to 
recrystallize the tosylated p-CD proved ineffective. Unreacted tosyl chloride 
formed an inclusion complex with the p-CD and recrystallized with the tosylated 
p-CD. The two could be distinguished by NMR data - the included tosyl chloride's 
aromatic protons were at 7.1 and 7.5, while the tosylated p-CD had aromatic signals 
at 7.5 and 7.9 ppm . Also, the tosylated compound never crystallized w ithout some 
degree of im purity of unreacted p-CD. The most effective m ethod of purification 
was found to be reverse-phase column chromatography of the enriched crude 
product to yield the pure tosylated compound.
Once the tosylated p-CD had been isolated, the epoxidation was very 
straightforward. The reaction was monitored by TLC, and easily went to 
completion, as indicated by the disappearance of the tosyl- p-CD spot, accompanied 
by the appearance of a new spot that was slower. The crude product was used 
w ithout fu rther purification.
The ring-opening of the epoxide with phenyl selenide was attem pted several 
times w ith variations in phenyl selenide source, solvents, and reducing agents, p- 
CD com pounds are not soluble in ethanol, so a different solvent was needed in
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order to modify the glucoside reaction for use with p-CD. Diphenyl diselenide 
reduced by sodium  metal in THF has been shown to produce a sodium  phenyl 
selenide precipitate that can be solubilized by 18-crown-6 ether or HMPA.40/55 The 
p-CD man no epoxide added to this mixture did not react. Sodium phenyl selenide 
can also be generated by reduction of benzeneselenol with sodium  hydride in THF, 
and solubilized by HMPA or the crown ether.55 This also did not achieve the 
desired effect upon the p-CD epoxide. The reduction of diphenyl diselenide by 
sodium  borohydride in DMF to produce the phenyl selenide anion is also 
docum ented56, and was also ineffective with the p-CD epoxide. The generation of 
phenyl selenide according to Sharpless and Lauer43 in ethanol, and addition to an 
aqueous solution of the p-CD m a n n o  epoxide, proved to be effective in the ring 
opening of the epoxide to the phenyl selenide of p-CD. The reaction was m onitored 
by TLC, and the appearance of a spot that moved faster than the epoxide and also 
was UV active indicated the form ation of the phenyl selenide derivative. W hile 
the reaction did not go to completion with 1 equivalent of phenyl selenide, an 
increase to 1.5 equivalents was sufficient to allow the reaction to go to completion.
The phenyl selenide was purified to a limited extent by elution through a 
reverse phase flash column before oxidation, but when residual m a n n o  epoxide was 
present, it co-eluted w ith the phenyl selenide. The oxidation of the phenyl selenide 
was not m odified from the glucoside procedure. In this case, the phenyl selenoxide 
moved slower on TLC, but at about the same speed as p-CD or the m a n n o  epoxide. 
The selenoxide was neither isolated nor purified before elim ination.
The elim ination yielded a m ixture by TLC. Recrystallization attem pts failed 
to produce a pure  com pound. The mixture was eluted through a small am ount of 
reverse-phase silica gel to elim inate any unreacted phenyl selenide or diphenyl 
diselenide by-product. The *H NMR of the purified product was different from the
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spectrum  of unm odified p-CD, or p-CD m a n n o  epoxide, and was devoid of peaks 
in the aromatic region, which indicated the possible presence of the p-CD -ulose. 
N itrophenylhydrazine was reacted with the product, as it would only react to form 
the hydrazone with a molecule containing a carbonyl functionality. The crude 
product from this reaction was purified by preparative HPLC and analyzed by TLC 
and proton NMR. The spot for this substance was both UV active, and stained with 
vanillin, and there were signals in the arom atic region of the NMR spectrum, 
indicating that a reaction had occurred betw een the hydrazine and the m odified p- 
CD. These results indicated that the p-CD had in fact been successfully modified to 
a ketone functionality that was able to react w ith the hydrazine.
38
Discussion
The pathw ay that was developed for the modification of p-CD to a p-CD with 
a ketone group used examples of many known synthetic procedures, as well as some 
that were previously unknow n.
The form ation of the benzylidene derivative of methyl glucoside is an 
example of cyclic acetal formation, which is widely used as a means of protecting 
hydroxyl groups on carbohydrates. This particular reaction is perform ed in 
benzaldehyde as the solvent, with zinc chloride as the Lewis acid catalyst. The Lewis 
acid catalyst serves to activate the carbonyl to be attacked at the carbonyl carbon by 
one of the hydroxyl groups of the sugar. After the second hydroxyl has attacked 
again at the same carbon, water is eliminated, and the cyclic acetal, benzylidene, is 
formed.
Pi o ch
f
H .Zn
Ph
OCH,
Figure 16: Mechanism of attachment of the benzylidene group to methyl glucoside
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The tosylation of the the 2 position of p-CD is a simple S^2 reaction. The first 
step, allowing p-CD to stir with sodium  hydride overnight, allows equilibration to 
occur. Therefore, the most acidic proton, the C-2 hydroxyl proton, will be abstracted, 
and the C-2 alkoxide formed. The dropw ise addition of tosyl chloride at this point 
allows the alkoxide to attack the tosyl chloride with a backside attack, displacing the 
choride ion, and effectively tosylating the 2 position of p-CD. While no other 
positions on the p-CD molecule were tosylated, the reaction did proceed with 
incredibly poor yield, which could be attributed to steric problems associated with 
the large p-CD molecule, or the lack of reactivity of the C-2 alkoxide stabilized by the 
C-3 hydroxyl of the adjacent glucose unit.
OH OH
II
S “  ClH,C
OH
OTs
Figure 17: Mechanism for the SN2 tosylation of P-CD at the 2 position
The epoxidation of p-CD is an intram olecular Sn2 reaction. The presence of a 
mild base (ammonium bicarbonate) will deprotonate the C-3 hydroxyl, and that 
alkoxide will attack backside to the C-2 carbon, displacing the tosylate group and 
forming the epoxide ring. In order for this reaction to take place, the C-3 hydroxyl
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and the tosylate group (formerly a hydroxyl) must be able to adopt a trans-diaxial 
geometry, in this case through a ring flip. Otherwise, backside attack, and a 
concerted reaction, would be impossible.
OHOH
ring flip
OTs
OH
O
Figure 18: Mechanism for the epoxidation of p-CD
The epoxide ring opening proceeds by a mechanism which is essentially the 
reverse of the epoxide formation. Due to the dipole interactions, however, the 
nucleophile m ust attack at the C-3 carbon rather than the C-2. The incoming 
nucleophile w ould experience unfavorable dipole interactions at C-2 due to the 
glycosidic oxygen adjacent. Thus, the phenyl selenide anion attacks the carbon at C- 
3, displacing the epoxide oxygen, which is then protonated to the alcohol by the 
solvent.
OH
OHOH
O ring flip
O PhSeFhSe
Figure 17: Mechanism for the ring-opening of p-CD manno epoxide
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The generation of the phenyl selenide anion was attem pted by several 
different m ethods. According to Liotta, the phenyl selenide anion generated in 
ethanol w ith sodium  borohydride forms a complexed anion.57 This complex was 
later characterized and found to be a phenyl seleno (triethoxy) borate complex, 
rather than the trihydroborate complex proposed by Liotta.58 Liotta also states that 
the complexed anion is less reactive than the uncomplexed phenyl selenide that 
would be generated by either sodium  metal reduction of diphenyl diselenide or 
sodium  hydride reduction of benzeneselenol.40 It is interesting that the complexed 
phenyl selenide was more successful in opening the epoxide ring of p-CD  than the 
m ethods used to generate the uncomplexed anion. In both attem pts to generate the 
uncom plexed anion, solubility was a problem. Neither 18-crown-6 ether nor HMPA 
was successful in solubilizing the precipitated phenyl selenide as described by Liotta. 
Both the complexed phenyl selenide and the p-CD com pound were soluble in the 
e thanol/ w ater mixture, possibly explaining the success of this m ethod.
The phenyl selenide derivative is easily oxidized by hydrogen peroxide, 
which adds an oxygen while oxidizing the group. The truly interesting 
phenom enon occurs in the elim ination. Selenoxides are w ell-know n for their 
ability to undergo p-elimination when heated. Sharpless and Lauer dem onstrated 
this ability quite well in their procedure to open epoxides to allylic alcohols.43 The 
selenoxide functionality with its negative charge, abstracts the p-hydrogen in order 
to elim inate as benzeneselenol and form the olefinic bond. Previously in the 
literature, the hydrogen abstracted is never one on the same carbon w ith an alcohol. 
In this case, it is, and the enol formed easily tautomerizes to the ketone, yielding the 
desired p-CD-ulose.
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OH
Ph
OH
h
OH
keto-enol tautomerization
Figure 20: M echanism of the syw-elimination of the 
phenyl selenoxide of p-CD to form the 2-ulose
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Conclusion
In order to modify p-cyclodextrin such that it could be a more versatile 
substrate for the Wittig reaction, it was necessary to develop a pathw ay to 
stereospecifically oxidize one hydroxyl on the secondary face to a ketone, or ulose. A 
pathw ay that utilized a phenyl selenide ring opening of an epoxide, followed by 
oxidation and ^-elim ination of the selenoxide, was successful in oxidizing the 
analogous hydroxyl of benzylidene methyl glucoside, a one-glucose model 
com pound for p-cyclodextrin. Preliminary results suggest that this pathway is also 
successful in sim ilarly transform ing p-cyclodextrin. The product m ust be further 
studied and characterized by 13C NMR to confirm the presence of the ketone 
functionality. Once the synthesis has been optim ized for higher yields, the reaction 
of the phosphorus ylide of dicyanoanthracene with this m odified p-CD can produce 
a host molecule that would be used for binding and photochemical studies.
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APPENDIX OF SPECTRA
Figure 21: NMR spectrum of 4 ,6 -O-benzylidene methyl glucoside in CDQ3
Figure 22: * H NMR spectrum of methyl-2,3-anhydro-4,6-0-benzylidene-a-D-
mannopyranoside in CDCI3
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Figure 23: NMR spectrum of methyl-3-deoxy-3-phenylseleno-4,6-0-benzylidene-a-D-
altropyranoside in CDCI3
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Figure 24: NMR spectrum of methyI-3 -deoxy-4 ,6 -0 -benzylidene-a-D-erytfiro-
hexopyranosid-2-ulose in CDQ3
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Figure 25: NMR spectrum of 2O-(p-toluenesulfonyl)-0-cydodextrin in DMSO
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Figure 26. 1H NMR spectrum of 2,3-anhydro-p-cydodextrin manno epoxide in D2 O
Figure 27: NMR spectrum of 3-deoxy-3-phenylseleno-p-cyclodextrin in DMSO
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Figure 28:  ^H NMR spectrum of crude 3A-deoxy-p-cyclodextrin-2A-ulose in D2 O
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Figure 29: *H NMR spectrum of possible 3A-deoxy-fJ-cyclodextrin-2A-p- 
nitrophenylhydrazone in D2 O
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